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Darlington, Daniel N., Kapil Kaship, Lanny C. Keil, 
and Mary F. Dallman. Vascular responsiveness in adrenal- 
ectomized rats with corticosterone replacement. Am. J. Physiol. 
256 (Heart Circ. Physiol. 25): H1274-H1281, 1989. — To deter- 
mine under resting, unstressed conditions the circulating glu- 
cocorticoid concentrations that best maintain sensitivity of the 
vascular smooth muscle and baroreceptor responses to vasoac- 
tive agents, rats with vascular cannulas were sham-adrenalec- 
tomized (sham) or adrenalectomized (ADRX) and provided 
with four levels of corticosterone replacement (~100 mg fused 
pellets of corticosterone: cholesterol 0, 20, 40, and 80% im- 
planted subcutaneously at the time of adrenal surgery). 
Changes in vascular and baroreflex responses were determined 
after intravenous injection of varying doses of phenylephrine 
and nitroglycerin with measurement of arterial blood pressure 
and heart rate in the conscious, chronically cannulated rats. 
Vascular sensitivity was decreased, and resting arterial blood 
pressure tended to be decreased in the adrenalectomized rats; 
both were restored to normal with levels of corticosterone 
(40%), which also maintained body weight gain, thymus weight, 
and plasma corticosteroid binding globulin concentrations at 
normal values. The baroreflex curve generated from the sham 
group was different from the curves generated from the 
ADRX+0, 20, and 40% groups, but not different from that of 
the ADRX+80% group, suggesting that, the baroreflex is main- 
tained by higher levels of corticosterone than are necessary for 
the maintenance of the other variables. These data demonstrate 
that physiological levels of corticosterone (40% pellet) restore 
vascular responsiveness, body weight, thymus weight, and 
transcortin levels to normal in ADRX rats, whereas higher 
levels (80% pellet) are necessary for restoration of the barore- 
flex. 

adrenalectomy; baroreflex; pressoreceptor; arterial pressure; 
renin; vasopressin; oxytocin; corticosteroid-binding globulin 


PATIENTS WITH ADRENAL INSUFFICIENCY have been de- 
scribed as being hypotensive and resistant to pressor 
agents unless treated with adrenal steroids (3, 11, 21). 
These patients are considered extremely fragile, because 
stimuli that can be tolerated by normal individuals may 
lead to cardiovascular collapse. Early studies in anesthe- 
tized rats exposed to acute surgery demonstrated that 
the vascular smooth muscle became very insensitive to 
pressor agents unless pretreated with glucocorticoids (8, 
14, 23). This was confirmed in anesthetized dogs and 
cats (7, 18), and the hypothesis was advanced that the 
cardiovascular collapse observed in individuals suffering 
from adrenal crises was, at least partially, due to vascular 
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insensitivity to constrictor agents. Later studies in con- 
scious dogs suggested that adrenalectomy impaired car- 
diac function (20, 24, 28) either by the permissive action 
of glucocorticoids on cardiac tissue (26) or possibly by 
affecting the central neural components of the barore- 
flex. Glucocorticoid receptors have recently been found 
in neurons of the A1 and A2 cell groups in the brain 
stem medulla (10). 

Adrenal steroid replacement in adrenalectomized ani- 
mals has been shown to improve the health and stability 
of the preparation. Vascular responsiveness to norepi- 
nephrine improved after administration of corticosterone 
or adrenal cortical extract (2, 8, 18, 23); however, in these 
early studies, the doses of glucocorticoid were either high 
or indeterminate. It is not clear what concentrations of 
corticosterone improve vascular responsiveness after ad- 
renalectomy, nor is it clear how large the cardiovascular 
deficit is in the unstressed, relatively healthy adrenalec- 
tomized rat. 

In this study, we have examined the changes in vas- 
cular responsiveness and the baroreflex after adrenalec- 
tomy in conscious, unrestrained and unstressed rats 
treated with a variety of replacement doses of corticos- 
terone. The doses were chosen to maintain plasma cor- 
ticosterone concentrations in the lower quarter of the 
physiological range that is observed in intact rats. We 
compared the corticosterone levels, which corrected the 
changes in vascular responsiveness after adrenalectomy, 
with those that corrected deviations in other variables 
affected by adrenalectomy [plasma renin, corticosteroid- 
binding globulin (CBG), body weight, and thymus 
weight]. 

MATERIALS AND METHODS 

General procedures. Male Sprague-Dawley rats weigh- 
ing 275-350 g were chronically cannulated as described 
previously (6). Briefly, the rats were anesthetized with 
pentobarbital sodium (45 mg/kg ip), and femoral vein 
(PE-50) and artery (Dural Plastics) cannulas were placed 
using sterile procedures. The cannulas were tunneled 
under the skin of the back and through a spring that was 
attached to the back of the neck and the top of the cage. 
All incisions were filled with xylocaine jelly and Poly- 
sporin (Burroughs-Wellcome) to desensitize the surgical 
area and to prevent infection. The rats recovered and 
were caged singly in a room (controlled temperature and 
humidity) with a 12-h on/off light cycle. All rats had 
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access to food and water ad libitum. 

Daily measurements of mean arterial blood pressure, 
heart rate, and fluid intake were made after flushing the 
cannulas. The arterial cannula was connected to a Sta- 
tham pressure transducer and Grass amplifier and tach- 
ygraph. This was done without handling or disturbing 
the animals in the cage as the cannulas were manipulated 
from the outside. 

Three days later, rats were either bilaterally adrenal- 
e tomized or sham adrenalectomized under either anes- 
thesia by the dorsal approach. Corticosterone replace- 
ment was effected by placing fused pellets of 20, 40, or 
80% corticosterone-cholesterol (~100 mg) or wax pellets 
under the skin of the back as described by Akana et al. 
(1). The rats recovered and were all given 0.5% saline to 
drink and food ad libitum. Saline was given to replace 
the sodium lost in the urine after removal of the miner- 
alcorticoids (adrenalectomy). 

All experiments were performed at least 5 days after 
adrenalectomy. Blood samples (whole body) were taken 
in the morning (2 h after lights on) and just before lights 
off for measurement of plasma corticosterone (0.1 ml). 
Vasopressin (1 ml), oxytocin (1 ml), CBG (0.1 ml), os- 
molality, Na + , K + (0.25 ml), and blood volume (0.25 ml) 
were determined from a morning sample. All samples 
were centrifuged, the plasma was separated and put on 
ice, and the red cells were resuspended in saline and 
returned to the rat (usually within 2 min). 

On the sixth day after adrenalectomy, vascular sensi- 
tivity was tested to varying doses of the ai-agonist phen- 
ylephrine and nitroglycerin. In the morning, arterial 
pressure and heart rate were monitored continuously 
while injections (not more than 0.1 ml) of phenylephrine 
or nitroglycerin were made through the venous cannula. 
The peak changes in pressure and heart rate were re- 
corded and compared with resting pressure and heart 
rate. Resting measurements were taken before injection 
and were only considered when the rat was resting quietly 
on all fours. Measurements were not taken during groom- 
ing, eating, or drinking, because these maneuvers have 
profound effects on heart rate and blood pressure. 

Hormone assays. Plasma corticosterone was measured 
in heat-denatured samples (29) with inter- and intra- 
assay coefficients of variation of 8 and 10%, respectively. 
The minimal detectable level for a 10-jd sample was 0.1 
fig/dl. Vasopressin was measured by radioimmunoassay 
(RIA) from bentonite-extracted plasma (27). The inter- 
and intra-assay coefficients of variation were 9 and 12%, 
respectively. The lowest detectable level was 0.3 pg/ml. 
Oxytocin was measured by RIA from acetone-extracted 
plasma (15). The inter- and intra-assay coefficients of 
variation were 3.2 and 6.8%, respectively. The lowest 
detectable level was 0.8 pg/ml. Plasma renin concentra- 
tion (PRC) was determined by adding 100 fil of sample 
plasma to 900 /d of nephrectomized rat plasma at pH 
6.5. PRC was determined by generation of angiotensin I 
in vitro by RIA (25). The inter- and intra-assay coeffi- 
cients of variation were 5.2 and 11.3%, respectively. The 
lowest detectable level was 1 ng angiotensin I/ml -2 h. 
Plasma CBG was measured by RIA (19). 

Blood volume and plasma electrolytes. Blood volume 


was estimated by the dye dilution technique. One milli- 
gram of Evans blue dye was injected intravenously as a 
priming dose. Then 1 mg of Evans blue was injected 
again. Plasma samples were taken before and 5 min after 
the second injection. The concentration of dye in the 
plasma was measured with a spectrophotometer (Gil- 
ford). Plasma osmolality and protein were measured with 
an osmometer (Advanced Instruments) and a hand pro- 
tometer (National). Plasma Na + and K + were measured 
on a flame photometer (Instrumental Laboratory). 

Regression analysis and statistics . Daily measurements 
of arterial blood pressure, heart rate, and fluid intake 
were analyzed by two-way analysis of variance ( ANOVA) 
corrected for repeated measures over time. The changes 
in mean arterial blood pressure to injection of phenyl- 
ephrine and nitroglycerin were analyzed by two-way 
ANOVA. The plasma levels of corticosterone were ana- 
lyzed by ANOVA and after logarithmic transform, PRC, 
vasopressin, oxytocin, CBG, plasma protein, plasma vol- 
ume, osmolality, thymus weight, and body weight in rats 
with different corticosterone replacement were analyzed 
by ANOVA. Circadian corticosterone levels, K + , and Na + 
were analyzed by paired and unpaired Student’s t tests. 

To compare the responses of heart rate with varying 
levels of arterial blood pressure, a stepwise polynomial 
regression was performed while testing the coefficient of 
highest power for statistical significance by F test (31). 
The regression coefficients that were calculated for each 
treatment group were compared with sham and adrenal- 
ectomy treatment (ADRX) groups by t test. Significance 
is indicated by P < 0.05. 

RESULTS 

The responsiveness of the vasculature was tested by 
examining the changes in mean arterial blood pressure 
(MABP) after intravenous injections of phenylephrine 
and nitroglycerin (Fig. 1). Injection of phenylephrine led 
to significantly smaller dose-dependent increases in 
MABP in the ADRX group compared with the sham 
group, suggesting that the vasculature in the ADRX 
group does not have the same capacity to respond to the 
ai-agonist as the sham group. Also, the change in MABP 
after phenylephrine in the ADRX group was not as great 
as that in the sham group. Resting MABP in the ADRX 
group tended to be lower (although not significantly 
lower by Newman-Keuls analysis) than in the sham 
group. Intravenous injection of nitroglycerin led to dose- 
dependent decreases in MABP, and the responses of the 
two groups were different. However, this difference was 
due to the lower resting MABP in the ADRX group; the 
changes in MABP were the same in both groups. 

Changes in the responsiveness of the vascular smooth 
muscle to constricting and dilating agents are reflected 
by changes in arterial pressure. However, arterial pres- 
sure is also influenced by changes in heart rate, especially 
changes induced by the baroreflex. In these studies, it 
was found that, at any given arterial pressure above or 
below resting, the heart rate was not significantly differ- 
ent between groups (two-way ANOVA over the doses of 
phenylephrine and nitroglycerin). Therefore, the smaller 
increase in MABP in response to phenylephrine meas- 
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FIG. 1. Response of mean arterial blood pressure (MABP, mmHg) 
and change in MABP (AMABP) to intravenous injections of phenyl- 
ephrine or nitroglycerin in conscious nonstressed rats that were adre- 
nalectomized (ADRX) or sham ADRX 6 days before experiment. 
Vehicle was injected at 0. Concentrations are expressed in /ug/rat, 
because body weights of sham and ADRX groups were not different at 
the time of experiment. Values are means ± SE. * P< 0.05 by Newman- 
Keuls after two-way analysis of variance. 


ured in the ADRX group was not due to a greater 
bradycardia (the bradycardia in the sham group was 
actually smaller; sham 286 ±12, ADRX 312 ±11 beats/ 
min), but was more likely due to a decrease in vascular 
responsiveness. 

Plasma corticosterone levels were measured in the 
morning and in the evening to verify completeness of 
adrenalectomy. The sham group had the expected diurnal 
elevation in plasma corticosterone (morning 0.5 ± 0.1 
and evening 9.0 ± 2.3 Mg/dl)» whereas there was no 
rhythm in the adrenalectomized group (morning 0.5 ± 
0.2 and evening 0.5 ± 0.1 fig/dl). Morning levels of 
corticosterone in sham rats are not usually different from 
ADRX rats, because under resting conditions the pitui- 
tary-adrenal system is inactive at this time of day (5). 

The vascular responsiveness to phenylephrine was im- 
paired, and basal MABP was lower after adrenalectomy 
(Fig. 1, experiment 1). To determine whether glucocor- 
ticoid replacement restores basal MABP and vascular 
responsiveness to normal, a second experiment was per- 
formed in which pellets containing 0, 20, 40, and 80% 
corticosterone were implanted into ADRX rats; sham 
controls were also included. 

The response of MABP to injections of phenylephrine 
was significantly impaired after adrenalectomy with 0 
and 20% corticosterone replacement (Fig. 2, 


ADRX+20% not shown). However, the curve generated 
in the 40% pellet group was not different from that in 
the sham group. The curve generated in the 80% pellet 
group was significantly different from the sham group, 
suggesting overreplacement by corticosterone. 

The response of MABP to injections of nitroglycerin 
was significantly different after adrenalectomy with 0, 
20, and 40% replacement (Fig. 2). The curve generated 
in the 80% pellet group was not significantly different 
from sham; however, the major effect of corticosterone 
replacement was to return basal pressure to normal. In 
general, lower concentrations of corticosterone corrected 
the change in basal MABP at the lower doses of phen- 
ylephrine and nitroglycerin, and higher concentrations 
of corticosterone corrected for both the lower MABP and 
the deficit in vascular responsiveness at the higher doses 
of phenylephrine and nitroglycerin. 

Corticosterone pellets have been previously shown to 
produce stable concentrations of corticosterone in adre- 
nalectomized rats (1). Figure 2 and Table 1 show the 
concentrations of corticosterone measured in the morn- 
ing before the vascular sensitivity experiment in each 
group. All of these values are well below the circadian 
maximum. 

The effect of ADRX and corticosterone replacement 
on the baroreflex was examined in the sham and ADRX 
+ replacement groups. This reflex was measured as the 
heart rate recorded after changing arterial blood pressure 
with phenylephrine or nitroglycerin (Fig. 3). A stepwise 
polynomial regression was performed on each data set, 
testing the highest power coefficient for significance of 
the regression. It was found that the most significant 
regression for the ADRX+0 group was a straight line, 
and the most significant regression for the sham group 
was a polynomial with a quadratic term (Fig. 3), suggest- 
ing that adrenalectomy affected the baroreflex. Replace- 
ment of corticosterone in low doses (ADRX+20 and 
+40% groups) also generated straight lines with regres- 
sion coefficients (« and ) not different from the coef- 
ficients calculated from the ADRX+0% group (Table 2). 
However, the highest dose of corticosterone replacement 
(ADRX+80%) generated a polynomial with a quadratic 
term with regression coefficients (a, and f} 2 ) not 
different from the sham group (Table 2), suggesting that 
the 80% pellet better approximated corticosterone re- 
placement for restoration of the baroreflex to normal. 
On further inspection of Fig. 3, it is evident that shape 
of the curve was determined by the points in the upper 
blood pressure range. Because the larger doses of phen- 
ylephrine increased arterial pressure more in the sham 
and ADRX+80% groups than in the other three groups 
(Fig. 2), there were more points on the sham and 
ADRX+80% graph above 180 mmHg. Although this part 
of the graph was important in determining the shape of 
the curve in these two groups, elimination of the points 
>180 mmHg, and again performing the stepwise regres- 
sion, did not change the results stated above. 

The baroreflex was further analyzed by plotting the 
increases and decreases in arterial pressure, separately, 
against the changes in heart rate and calculating the 
slope of the linear regression. The slope can be consid- 
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FIG. 2. Mean arterial blood pressure 
(MABP) after intravenous injection of 
nitroglycerin or phenylephrine (ex- 
pressed in 100 g of body wt). Inset in 
upper left corner represents corticoster- 
one (B) levels measured before experi- 
ment. Values are means ± SE. n values 
were as follows: sham, 10; ADRX+0%, 
8; ADRX+20%, 7; ADRX+40%, 7; 
ADRX+80, 8. 
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TABLE 1. Effects of adrenalectomy and corticosterone replacement 



Sham 

0% 

20% 

40% 

80% 

n 

10 

8 

7 

7 

8 

B. „g/dl 

0.4±0.1 

0.3±0.1 

1.0±0.2 

2.1±0.5 

5.1±0.4+ 

Thymus wt, mg/100 g 

170±21 

226+47 

247±43 

214±23 

68±35+ 

Change body wt, g 

51+6 

29±8 

46+5 

52±7 

22±4t 

CBG, nM 

626±36 

1,036±125 

905±42 

592±25 

481±64t 

PRC, ng ANG I/ml-2 h 

50±5 

306±67 

221±90 

187±80 

88±15* 

AVP, pg/ml 

5.8±0.7 

6.0±1.2 

6.6±1.6 

6.0±1.0 

6.8±1.4 

OXY, pg/ml 

6.0±0.5 

6.5±1.1 

5.9±0.7 

5.5±0.5 

6.9±1.6 

Plasma prot, g/dl 

5.6±0.3 

5.5±0.4 

5.4±0.5 

5.7±0.3 

5.8±0.5 

Osmol, mosmol/kg 

296±2 

293±4 

296±3 

293 ±3 

295±2 

Plasma vol, ml/100 g 

4.5±1.1 

4.2±0.5 

4.6±0.5 

5.0±1.0 

4.6±0.7 

n for Na + and K + t 

8 

7 




Na + , meq/1 

137±2 

130±2* 




K + , meq/1 

4.5±0.1 

5.1±0.2* 





Values are means ± SE. Plasma corticosterone (B) samples were taken in the morning, before experiment. All other plasma samples were 
taken the day before. Change in body wt was calculated for 7 days after adrenalectomy, n, no. of rats in each group. Thymus wt in mg/ 100 g of 
body wt. CBG, corticosteroid-binding globulin; PRC, plasma renin concentration; AVP, vasopressin; OXY, oxytocin; plasma prot, plasma protein; 
Osmol, plasma osmolality; Plasma vol, plasma volume. * P < 0.05 by analysis of variance (ANOVA) except Na + and K + by t test, t P < 0.01 by 
ANOVA. t Data from animals in Fig. 1. 


ered an index of baro reflex sensitivity. Table 3 demon- 
strates that the slopes calculated from the nitroglycerin- 
induced decreases in MABP in the ADRX+0%, 20%, 
and 40% groups were significantly lower than the slope 
in the sham group. However, the slope calculated from 
the ADRX+80% group was not different from the sham 
group. This suggests that the sensitivity of the baroreflex 
is lower in ADRX rats and that the 80% pellet provides 
adequate corticosterone replacement for this part of the 
plot. There were no significant differences between the 
slopes of any of the groups for the part of the plot 
generated by the phenylephrine-induced increases in 
MABP. There was also no difference between the y- 
intercepts of any of the groups for the part of the plot 
generated by phenylephrine-induced increases or nitro- 


glycerine-induced decreases in MABP. All regressions 
were shown to be highly significant by F test. 

MABP, heart rate, and fluid intake were measured 
daily, in the morning, throughout the experiment (Fig. 
4). After adrenalectomy ( day 3 ), resting MABP decreased 
in the ADRX+0 group. However, this decrease was not 
significant by ANOVA. Resting MABP values in the 20 
and 40% groups were also not different from sham. 
However, resting MABP was significantly higher than 
sham in the ADRX -1-80% group, suggesting an overre- 
placement of corticosterone. Resting heart rate was sig- 
nificantly elevated in the ADRX+0% compared with all 
other groups. Resting heart rate in the ADRX+20, 40, 
and 80% were not different from sham. Daily fluid intake 
did not change after adrenalectomy in the ADRX+0% 



H1278 


ADRENAL INSUFFICIENCY AND CARDIOVASCULAR SYSTEM 


ADRX+0% 


ADRX+20% 


ADRX+40% 




20 70 120 170 220 

MABP 



ADRX+80% 


Sham 




FIG. 3. Baroreflex curves generated by recording heart rate (beats/min) at varying mean arterial blood pressure 
(MABP, mmHg) with phenylephrine and nitroglycerin for each group. Regressions are all highly significant. ADRX, 
adrenalectomized. 


TABLE 2. Regression coefficients for baroreflex (y = a + fi ix + fax 2 ) 


N a & ft n 

146 
97 
83 
90 

166 

~~ Values are means ± SE of the estimate; n, no. of points in the graph; N, no. of rats per group. Regression coefficients for Fig. 3. ADRX, 
adrenalectomized. 


ADRX+0% 15 

ADRX+20% 8 

ADRX+40% 7 

ADRX+80% 7 

Sham 17 


568±9.5 -1.51+0.09 

583±12.3 — 1.50±0.11 

563±12.3 — 1.49±0.11 

715±39.5 — 4.02±0.67 

699±39.5 — 3.58±0.67 


9.44 x 10" 3 ± 2.65 x 1CT 3 
7.25 x 10“ 3 ± 2.64 x 10" 3 


TABLE 3. Slopes from linear regression analysis 



Nitroglycerin 

Phenylephrine 

Sham 

— 2.22±0.17 

—1.22±0.07 

ADRX+0% 

— 1.27±0.11* 

-1.10±0.19 

ADRX+20% 

-1.62+0.22* 

-1.41+0.07 

ADRX+40% 

-1.27+0.20* 

— 1.12±0.07 

ADRX+80% 

-2.00+0.14 

— 1.24±0.06 


Slope calculated from nitroglycerin-induced and phenylephrine-in- 
duced changes in mean arterial blood pressure vs. changes in heart 
rate. ADRX, adrenalectomized. * P < 0.05 compared with sham group 
by t test. 

group; however, the sham and ADRX+20, 40, and 80% 
groups increased their fluid intakes and were different 
from the ADRX+0 group. 

Adrenalectomy leads to a decreased rate of body weight 
gain and decreased plasma Na + and an increase in thy- 
mus weight, plasma CBG, PRC, and K + (Table 1). There 
were corticosterone dose- dependent differences among 


the five treatment groups for body weight gain, thymus 
weight, plasma CBG, PRC, Na + , and K + . By Newman- 
Keuls analysis following ANOVA, it was found that the 
ADRX+40% replacement was not different from sham 
treatment for body weight gain, thymus weight, and 
plasma CBG, suggesting that the 40% corticosterone 
pellet represents the best static levels of replacement. 
PRC was not returned to normal (sham), even with the 
80% pellet. Adrenalectomy and corticosterone replace- 
ment had no effect, compared with sham, on plasma 
vasopressin, oxytocin, osmolality, protein, and volume 
(Table 1). 

DISCUSSION 

These data demonstrate that adrenalectomy results in 
a very mild impairment of vascular responsiveness to 
vasoconstrictor and vasodilators agents and the barore- 
flex in the conscious, unstressed rat and that replacement 
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FIG. 4. Resting levels of mean arterial blood pressure 
(MABP, mmHg), heart rate (beats/min), and fluid intake 
(in ml/100 g body wt) measured daily in the morning. 
Rats were given tap water ad libitum before and 0.5% 
saline after adrenal surgery. Values are means ± SE. 
ADRX, adrenalectomized. 


with corticosterone in the low physiological range cor- 
rects these deficits. 

The replacement dose that best corrected the changes 
in function after adrenalectomy depended on the variable 
considered. Lower doses of corticosterone appeared to 
correct the slight decrease in basal MABP in ADRX rats 
(Figs. 2 and 4), whereas the 80% dose caused an elevation 
in basal MABP (Fig. 4). The replacement that best 
corrected the impairment in the sensitivity of the baro- 
reflex was the 80% corticosterone pellet (Fig. 3 and Table 
3). This was higher than the 40% pellet needed to correct 
the changes seen after adrenalectomy in the MABP 
response to phenylephrine, body weight gain, thymus 
weight, and CBG. The optimal replacement for vascular 
responsiveness varied with increasing doses of phenyl- 
ephrine and nitroglycerin (Fig. 2). At low doses of phen- 
ylephrine and nitroglycerin, the curves generated in the 
ADRX+20, 40, and 80% groups were not different from 
sham. However, at higher doses of phenylephrine, the 
curves generated in the ADRX+20% and ADRX+80% 
groups were lower and higher, respectively, than the 
sham group. Also, at higher doses of nitroglycerin, the 
curves generated in the ADRX+20, 40, and 80% groups 
were lower than that in the sham group (as a function of 
the levels of corticosterone replaced, Fig. 2). 

The results shown in Table 3 suggest that 1 ) the 
sensitivity of the baroreflex is depressed in the adrenal 


insufficiency but 2) only on one side of the baroreflex 
curve. The sensitivity of the reflex was significantly less 
in the ADRX+0% group than in the sham group when 
the reflex was examined by decreasing arterial pressure. 
However, there was no difference in the sensitivity of 
the baroreflex between sham and ADRX groups when 
the reflex was examined by increasing arterial pressure. 
This strongly suggests that a factor or factors from the 
adrenal gland help maintain the sensitivity of the baro- 
reflex on one side of the arterial pressure curve. 

It is of interest to note that the regression equations 
calculated from the data from sham and ADRX+0 groups 
intersect at ~85 and 190 mmHg (Fig. 3). Between these 
values, the sham curve dips below the curve calculated 
for the ADRX+0 group. This result predicts that heart 
rate would be higher in the ADRX+0 group than in the 
sham group in this range. Coupling this with the obser- 
vation that resting arterial pressure in the adrenalecto- 
mized rats tends to be lower than that in sham rats (Figs. 
1 and 4), Fig. 3 predicts that resting heart rate would be 
higher in the ADRX+0 group than in the sham group. 
Examination of Fig. 4 confirms this. 

In this study, adrenalectomy led to changes in body 
weight gain, thymus weight, and plasma CBG that were 
corrected by replacement with the 40% pellet, confirming 
the earlier finding that these variables are regulated 
within a narrow range of corticosterone concentrations 
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(1, 5, 16). PRC increased after adrenalectomy; the cor- 
ticosterone replacement levels used in this study did not 
completely return renin concentration to normal, despite 
the fact that the 80% pellet clearly was excessive for 
most other variables. A recent report (30), as well as 
unpublished data from our laboratory suggest that phys- 
iological levels of the mineralcorticoid aldosterone return 
PRC to values not different from sham. Vasopressin 
levels in this study were slightly elevated compared with 
levels reported elsewhere (15). However, vasopressin 
concentrations may have been elevated to maintain 
plasma osmolality in the face of an increased NaCl intake 
from the drinking fluid (0.5% saline). Plasma volume 
tended to be lower in the ADRX+0 group, which is in 
agreement with others (17); however, the difference from 
sham was not significant. 

Glucocorticoid replacement is crucial in the treatment 
of patients with adrenal crisis. In humans, the clinical 
signs of adrenal insufficiency (Addison’s disease) are 
weight loss, hypotension, and a weak and feeble heart (3, 
11). Abnormally high levels of glucocorticoids (Cushing’s 
syndrome) are equally debilitating (13) and may contrib- 
ute to or accelerate certain aspects of aging and increase 
the sensitivity of the organism to neurological insults 
(22). This report and others (1, 5, 16) have shown in the 
rat that too much or too little corticosterone will over- 
or undercorrect glucocorticoid-regulated variables (basal 
MABP, vascular responsiveness, baroreflex, body weight, 
thymus weight, and CBG) and suggest that very accurate 
replacement of corticosterone is necessary to restore 
these variables in adrenalectomized rats to normal. The 
importance of the glucocorticoids is further emphasized 
by a recent study showing that replacement with phys- 
iological levels of aldosterone, alone, does not correct the 
change in body weight, basal MABP, or vascular respon- 
siveness to norepinephrine or angiotensin after adrenal- 
ectomy. However, replacement with the synthetic glu- 
cocorticoid dexamethasone does (30). 

The loss of vascular responsiveness to vasoactive 
agents after removal of adrenal steroids and the subse- 
quent recovery after glucocorticoid treatment has been 
explained by a combination of mechanisms. Glucocorti- 
coids have been reported to inhibit the action of catechol 
O-methyltransferase and monoamine oxidase in effector 
tissues and they also decrease the ability of the neuronal 
and extraneuronal uptake systems to function properly 
(4, 9). This would allow accumulation of catecholamines 
in synaptic junctions and could possibly explain the 
hyporesponsive vasculature in ADRX rats and the hy- 
perresponsive vasculature in ADRX rats with overre- 
placement of corticosterone (Fig. 2). There are also re- 
ports that adrenalectomy and glucocorticoid replacement 
change the density of adrenergic receptors in various 
tissues. However, it is difficult to draw general conclu- 
sions about these data, because the effects change from 
tissue to tissue (for review see Ref. 9). Another mecha- 
nism by which glucocorticoids may affect vascular re- 
sponsiveness is through central modulation of the baro- 
reflex. Recently, glucocorticoid receptors were found in 
cells located in medullary structures known to mediate 
baroreceptor signals and regulate sympathetic output 


(11). It is to be noted, however, that the degree of 
impairment in vascular responsiveness to pressor and 
depressor agents found in adrenalectomized rats in this 
study was very slight. We ascribe this result to the fact 
that the rats were studied in the conscious state, at least 
5 days after any surgery or stress to the animals had 
been administered. 

The circadian rhythm for corticosterone in rats re- 
sulted in values that are low in the morning (0.5 ±0.1 
/LAg/dl) and high in the evening (9.0 ± 2.3 pig/ dl). Because 
the restoration of vascular responsiveness and the baro- 
reflex required concentrations that are higher than those 
measured in the morning (40 and 80% pellet), it is 
possible that the normal diurnal elevation of corticoster- 
one in the evening is necessary to maintain vascular 
responsiveness and normal baroreflexes in sham rats. 
We have recently reported that stress-induced adreno- 
corticotropic hormone secretion is normalized in adre- 
nalectomized rats by phasic but not constant corticoster- 
one replacement (12) and have speculated that transient 
elevations in corticosterone are required for adequate 
daily occupancy of glucocorticoid receptors in brain. Be- 
cause glucocorticoid receptors have been reported to be 
localized in medullary regions that control the cardio- 
vascular system (11), it is logical to propose that tran- 
sient daily occupancy of these receptors could also nor- 
malize responses in the cardiovascular system of ADRX 
rats. 
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